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Magnetron sputteringThis paper presents a comparative study of TiO2ﬁlms deposited on plasma nitrided and non-nitrided carbon steel
substrates. It is well known that plasma nitriding contributes to increase ﬁlm adhesion and corrosion resistance
of the substrate. However,most studies about photocatalytic properties of TiO2 on steel substrates do not address
the use of nitrided carbon steel. Themain goal of this paper is to investigate the deposition of photocatalytic TiO2
ﬁlm on nitrided carbon steel, obtained through a duplex treatment of plasma nitriding and reactive plasma
sputtering deposition. TiO2 ﬁlms were deposited on nitrided and non-nitrided AISI 1015 steel samples. The sam-
pleswere characterized by X-ray diffraction (XRD), proﬁlometry, scanning electronmicroscopy (SEM) and atom-
ic force microscopy (AFM). The photocatalytic activity was evaluated by monitoring the effect of photoinduced
hydrophilicity and through the degradation of methylene blue dye (MB). The pretreatment by plasma nitriding
increases the substrate surface roughness and improves the growth of rutile phase. The roughness of the sub-
strate surface affects wettability only when the TiO2 ﬁlm is not photoactivated. All samples become super-
hydrophilic upon UV irradiation and remaining in this state for at least 24 h. A slightly higher performance in
photocatalysis of MB is obtained by TiO2 ﬁlm deposited on non-nitrided substrate.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
TiO2 coatings are used to promote heterogeneous photocatalysis re-
actions and to obtain surfaces with antibacterial and self-cleaning prop-
erties. TiO2 is a high chemical stability semiconductor oxide that has
been the subject of increasing research in recent decades. In its rutile
form, TiO2 ﬁlms exhibit a high dielectric constant, good thermal stability
and high refractive index (2.75 at 550 nm), which make them a good
candidate for optical and electronic applications. On the other hand,
the anatase phase exhibits chemical properties that allow use in photo-
catalytic processes, gas detectors, antibacterial and self-cleaning
properties [1–3].
A photocatalyst TiO2 ﬁlm that is supported by a substrate with high
mechanical resistance and ductility as steel can be used for new techno-
logical applications. In fact, several studies have reported the application
of TiO2 ﬁlms on steel for obtaining antibacterial [4], photocatalytic [5–7]
and self-cleaning surfaces [8–10]. TiO2 ﬁlms also improve the corrosion
protection of the steel substrates [11,12].
However, as a protective barrier, the TiO2 coating itself may not be
sufﬁcient to protect a steel substrate in highly aggressive environments,c of Santa Catarina, Visconde de
razil. Tel.: +55 47 3145 9728.
rala).
ghts reserved.due to the presence of defects that can expose the substrate [13]. Some
papers have proposed the use of chemical pretreatments [12] or inter-
mediate layers of titanium [14,15] in order to ensure adhesion and cor-
rosion protection of steel substrates. The plasma nitriding is a well-
known treatment that can change the roughness and physicochemical
characteristics of the surfaces and is widely used to increase the surface
hardness and corrosion resistance of the steels. The nitriding pretreat-
ment of the substrates can contribute to increase the adhesion and cor-
rosion resistance of the joint ﬁlm/substrate [16–18]. This paper
investigates the photocatalytic activity of TiO2 obtained by duplex treat-
ment, i.e., steel substrate nitriding and subsequent ﬁlm deposition.
2. Experimental
Samples of AISI 1015 carbon steel (4.0 cm × 8.0 cm × 0.5 cm)were
polished and cleaned ultrasonically in acetone for 20 min. Table 1
shows the nomenclature and parameters of the treatment processes.
The plasma nitriding pretreatments for 20 N-TiO2 and 80 N-TiO2
samples were conducted at pressure of 2.0 Torr (266 Pa) for 5 h with
the samples playing the role of cathode discharge, being heated only
by ion bombardment. The substrate temperatures were maintained at
350 °C during the treatment. Cathode voltages of 440 V and 350 V
were applied for maintaining a discharge current about 45 mA for the
conditions of 20% N2 and 80% N2 in the working gas, respectively.
Table 1
Sample nomenclature and description of the surface treatments studied.
Sample Nitriding:
p = 266 Pa,
T = 350 °C
TiO2 ﬁlm deposition parameters Description
%N2 %H2
20 N-TiO2 20 80 Flow(O2) = 10.6 sccm;
Flow(Ar) = 3.2 sccm;
gas pressure = 0.94 Pa;
Target power = 475 W;
Tsubstrate = 290 °C
Deposition time = 2.0 h
Target to Subst. = 6.0 cm
Nitrided (20% N2/80% H2) and coated (TiO2)
80 N-TiO2 80 20 Nitrided (80% N2/20% H2) and coated (TiO2)
TiO2 – – Non-nitrided and coated (TiO2) carbon steel surface
Untreated – – – Polished only
Fig. 1. X-ray diffraction patterns of samples described in Table 1. It can be observed that
rutile R(110) phase appears only in the pre-nitrided samples. The anatase phase A(101)
appears in all deposited ﬁlms. Symbols ε and γ′ phases refer to the substrate iron nitrides
Fe2–3N and Fe4N, respectively.
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triding, where the N2 poorworking gas favors a synthesis of the γ′-Fe4N
phases, and the N2 rich working gas favors ε-Fe2–3N phases [19,20].
The TiO2 ﬁlms were deposited by Triode Magnetron Sputtering. Ex-
perimental details of this technique are described in [21]. The grid–tar-
get and target–substrates distances were ﬁxed at 10 mm and 60 mm,
respectively. The oxygen mass ﬂow rate was ﬁxed at 10.6 sccm and
theArmassﬂow rate at 3.2 sccm. The TiO2 ﬁlmwas obtained by reactive
deposition (oxide target mode) at a power density of 6.8 W/cm2 and
pressure of 0.94 Pa. Results indicate 280 nmﬁlm thickness after deposi-
tion time of 2.0 h, corresponding to deposition rate about 2.3 nm/min.
During the ﬁlm deposition, the substrate temperature was maintained
at 290 ° C using a halogen lamp placed behind the sample holder.
The nitrided layer and TiO2 ﬁlm crystallinity were characterized by
X-ray diffraction (Cu-Kα radiation). The substrate roughness was evalu-
ated by proﬁlometry, load 4 mN, spherical diamond tip with 5 μm radi-
us and evaluation length of 4.0 mm. The nitrided surfaces covered with
TiO2 ﬁlms were investigated by Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM). The thicknesses of the ﬁlms
were estimated using an energy dispersive X-ray technique.
The photocatalytic activity of TiO2ﬁlms on nitrided andnon-nitrided
substrates was evaluated by photoinduced hydrophilicity (or photo-
hydrophilicity) and by heterogeneous photocatalysis. The photoin-
duced hydrophilicity effect was evaluated by measuring the contact
angle of deionizedwater droplet (volume10 μL) before and after the ul-
traviolet (UV) light irradiation (from a mercury lamp λ = 254 nm;
electrical power = 4 W). Before the start of testing, the samples
remained in a dark room for one week. The samples were irradiated
for 3 min immediately before the contact angle measurement in order
to get the back-reaction curve. The photocatalysis was evaluated by
photodegradation ofmethylene blue dye (MB) in aqueous solution (dis-
tilled water; initial concentration of 2 mg/L, pH = 7). It was used a re-
actor (2.86 L/min ﬂow rate) with 350 ml MB solution. Oxygen was
artiﬁcially introduced in the MB solution during the experiments by
air pump and ultraviolet radiation was generated by two mercury
lamps (λ = 254 nm; electrical power = 8 W) placed at 5.0 cm dis-
tance from the target surface (96 cm2 irradiated area). Periodic mea-
surements of the MB concentration in the solution were performed
using a spectrophotometer at λ = 665 nmwavelength. It was assumed
that the reactions obey pseudo-ﬁrst-order kinetics [22–24] and the per-
formance of the reactions was veriﬁed by comparison of the estimated
values of k according to the equation:
C tð Þ ¼ C0:e–k:t ð1Þ
where k is a pseudo-ﬁrst-order rate constant, C0 is the initial concentra-
tion, t is the time and C(t) is the time-dependent concentration.3. Results and discussion
3.1. Sample characterization
The crystallinity and surface texture of the TiO2 ﬁlms are very impor-
tant for the photocatalytic properties. X-ray diffraction pattern results
are shown in Fig. 1. It is possible to see differences in the crystallinity
of the deposited ﬁlms on the nitrided steel in comparison to non-
nitrided steel: on nitrided surfaces TiO2 ﬁlm shows both anatase
A(101) and rutile R(110) phases,while theﬁlmsdeposited on untreated
sample present only the anatase A(101) phase.
The N2/H2 ratio in the working gas plasma nitriding is important in
formation of iron nitrides (ε-Fe2–3N e γ′-Fe4N) on the surface of nitrided
steels. The change in working gas composition inﬂuences the growth of
these nitrides. Results show that the sample nitrided in the richest N2
mixture (80% N2 + 20% H2), favors the formation of the ε-Fe2–3N
phase. These results are in agreement with the literature [19,20].
The changes on steel substrate topography due the pretreatment of
plasma nitriding are shown in Fig. 2. The spherical diamond tip used
in this work (5.0 μmradius tip) detects only the roughness of substrates
because the TiO2 ﬁlm (thickness of ~300 nm) does not alter the sub-
strate long-range roughness. This is evidenced when the proﬁles of
the untreated sample and the sample with TiO2 ﬁlm were compared
without the nitriding pretreatment: the average roughness (Ra) was
0.10 μm and 0.11 μm respectively. The plasma nitriding changes the
surface topography, increasing its roughness. For nitrided samples, it
was observed an increase in values of average roughness (Ra) from
Fig. 2. Long-range evaluation of surface roughness of samples. Rugosimeter, load 4 mN,
5.0 μm radius spherical diamond tip.
Fig. 3. SEM images of samples: (a) TiO2; (b) 20 N-TiO2 and (c) 80 N-TiO2.
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and 80 N-TiO2 samples, respectively.
Fig. 3 shows the SEM images of nitrided and non-nitrided substrates
coated with TiO2 ﬁlms. Fig. 3(a) shows the TiO2 coated surface of a non-
nitrided sample, where it is possible to see a smooth surface. Fig. 3(b)
and (c) presents the samples 20 N-TiO2 and 80 N-TiO2 respectively,
where it is possible to see a rougher surface and lamellar structures
(pearlite). During the plasma nitriding pretreatment, the temperature
of samples is reached andmaintained by ion bombardment that besides
promoting the diffusion of nitrogen atoms into the surface also produc-
ing sputtering [19]. Therefore, the increase in roughness due the pre-
treatment of plasma nitriding is produced by a non-uniform
sputtering on the samples surface due different grain orientation,
grain boundary and impurities like oxides, nitrides and other
compounds.
The rougher substrate surfaces (due to plasma nitriding) favor the
growth of rutile R(110) phase (see Fig. 1). The effect of substrate rough-
ness on nucleation and ﬁlm growth is important and has been veriﬁed
in other experiments, such as the ﬁlm deposition of c-BN [25] and ZnO
[26]. In the case of TiO2, using the dip-coating technique, Ortel and co-
workers [27] showed that the roughness of the stainless steel substrate
in the range of 0.1–0.8 μm resulted in anatase phase while for a sub-
strate with higher surface roughness, of 1.08 μm, amorphous TiO2 was
obtained. For duplex treatment by plasma, used in the present study,
it was observed that the roughness change occurred in a narrower
range (0.11 to 0.16 μm) than that reported by Ortel and co-workers
[27], and the ﬁlms were crystalline. However, the rutile phase growth
shows that the sputtering due the nitriding pretreatment plays an im-
portant role.
The TiO2 ﬁlms are formed from the condensation of various species
that reaches the substrate and by reactions between these species on
substrate. The characteristics of the deposited ﬁlm depend on the bal-
ance between the energy available and the energy required for the pro-
cesses of nucleation, growth and coalescence. Here, the energy is
delivered through bombardment (by plasma ions) and through the aux-
iliary heating system.With deposition parameters similar to those used
here, other authors have generally obtained TiO2 in anatase phase
[28–31]. Although the rutile phase is thermodynamically more favor-
able [1,2], the ﬁlm growth in the anatase is more common because acti-
vation energy required for nucleation of rutile is greater than that
required for the nucleation of anatase crystals. However, after the nucle-
ation, the rutile crystals formed require less energy for their growth
[32]. Sites with imperfections act as nucleation centers. An increase in
the amount of these defects may favor the transformation rates in rutile
[1]. The surfaces of nitrided substrates have greater average roughness
and a larger area of grain boundaries that ultimately serve as nucleation
centers and increase the probability of nucleation of rutile crystalswhich subsequently grow easily with the heat from the substrate. The
difference in the types of nitrides already formed on the substrate
157D.R. Irala et al. / Surface & Coatings Technology 240 (2014) 154–159prior to deposition had no inﬂuence on the crystallization of the ﬁlms,
especially for the deposition process being conducted at low tempera-
ture, which prevents any process of diffusion between the substrate
and the ﬁlm [4,6,7,10].
Fig. 4 shows the TiO2 ﬁlm topography obtained using AFM. In
Fig. 4(a) theﬁlmdeposited on the non-nitrided substrate (TiO2 sample).
Fig. 4(b) and (c) shows the surfaces of 20 N-TiO2 and 80 N-TiO2 sam-
ples, respectively. The surface average roughness of the TiO2 ﬁlms was
Sa = 5.03 nm for the ﬁlm deposited on the non-nitrided substrate
(sample TiO2) while for the pre-nitrided samples (20 N-TiO2 and
80 N-TiO2 samples) the measured values were 11.4 nm and 14.8 nm,
respectively. Fig. 5 shows the long-range (evaluated by rugosimeter)
and short-range (byAFM) average roughness of the samples studied, in-
dicating that the plasmanitriding pretreatment increases both the long-
range and the short-range roughness.Fig. 4. AFM images of samples: (a) TiO23.2. Evaluation of photocatalytic activity
Photoinduced processes are based on the fact that TiO2 is a semicon-
ductormaterial (band gap energy ~ 3 eV)where pairs of charge carriers
(electron and hole) are generated by ultraviolet (UV) irradiation.
Photocatalysis and photoinduced hydrophilicity are two processes
that despite operating under distinct mechanisms are strongly related
and may occur simultaneously on the surface of TiO2. In addition the
photoinduced hydrophilicity can improve the photocatalysis [33]. The
photoinduced hydrophilicity was evaluated in this work by measuring
the variation of surface wettability. Photogenerated electrons reduce
cations Ti4+ to Ti3+ statewhile the holes oxidize theO2– anions. Oxygen
vacancies are created on the surface and act as traps that promote the
adsorption of OH groups from water molecules [22]. Fig. 6 shows the
measured contact angle of water before and after the UV irradiation.; (b) 20 N-TiO2 and (c) 80 N-TiO2.
Fig. 5. Long-range (Ra parameter) and short-range (Sa parameter) average roughness. The
Ra parameter obtained by rugosimeter, load 4 mN, 5.0 μm radius spherical diamond tip
and the Sa parameter obtained by AFM for a 9.0 μm2 surface area.
158 D.R. Irala et al. / Surface & Coatings Technology 240 (2014) 154–159Before the ultraviolet irradiation, all samples present hydrophilic
characteristics (contact angle b 90°). The pre-nitrided and TiO2 covered
samples (20 N-TiO2 and 80 N-TiO2) and the untreated sample showed
approximately the same contact angle, around 45°. However the TiO2
ﬁlm deposited on non-nitrided steel (TiO2 sample) showed a higher
contact angle of 66°. As the long range roughness of pre-nitrided sam-
ples is the same, these results show that the TiO2 ﬁlm acts as a barrier
for the carbon steel surface, a material that has high afﬁnity with
water. On the other hand, the increase in surface roughness tends to re-
duce the hydrophilic contact angle, according the Wenzel model [34]:
cos θwð Þ ¼ γ: cos θð Þ ð2Þ
where θw is the observed contact angle on a rough surface, θ is the cor-
responding contact angle on a smooth surface and γ is the surface
roughness factor. Moreover, the increased surface roughness itself,
caused by plasma nitriding pretreatment, decreases the values of con-
tact angles independently of the coatings.
Fig. 6 shows the change of the contact angle after 3 min under ultra-
violet irradiation for all the samples studied. Only the coated surfaces
become super-hydrophilic (contact angle b 20°). This ﬁgure also
shows the back-reaction curves (carried out at a dark room), which in-
dicate how the charge carriers recombination evolves. The results
shows that all samples coated with TiO2 ﬁlm remain super-
hydrophilic for at least 24 h. After 24 h, the contact angles start toFig. 6. Contact angle of DI water droplet (a) before UV irradiation and (b) immediately
after 3′ under UV irradiation; (c) back-reaction curve (the samples remain in the
darkness).increase, returning to their initial values (like before UV light irradia-
tion) after 6 days in darkness. For the untreated sample it was observed
that contact angle had a slight increase which is attributed to a visible
surface oxidation of the polished carbon steel.
Fig. 7 shows the photodegradation of methylene blue (MB) dye in
aqueous solution as a function of the time. In photocatalysis, unlike in
the photoinduced hydrophilicity, charge carriers produce superoxide
and hydroxyl radicals, which in turn decompose the organic molecules
on the TiO2 surface [1,2,22,33]. After irradiation for 180 min, it was
observed a decrease of about 80% in MB initial concentration for TiO2
sample and about 70% for both pre-nitrided samples, compared to 30%
for the untreated sample (photolysis reaction only). Table 2 shows
the pseudo-ﬁrst-order rate constants for the MB decomposition
in photolysis and photocatalysis reactions. The performance of MB
photodegradation was slightly higher for non-nitrided TiO2 system
which is predominantly constituted by the anatase phase, while the
20 N-TiO2 and 80 N-TiO2 systems have a mixture of anatase and rutile,
as discussed in Section 3.1. The ﬁlm crystallinity and the phase are im-
portant factors for the photocatalytic activity, being the anatase phase
more efﬁcient. [35,36].
The inﬂuence of surface roughness on the performance of photocat-
alytic TiO2 ﬁlm is controversial. Some works, such as in [37], reported
that the increased roughness of the surface area enhances the photocat-
alytic activity. Takeda et al. [38], however, report that they did not ob-
serve any signiﬁcant inﬂuence of the ﬁlm surface roughness on acetic
acid photodegradation. Still, according to these authors, the most im-
portant factor is the presence of oxygen vacancies in TiO2 that alter
the electronic structure of the material, creating energy levels around
the mid-gap, which can promote the recombination of photoinduced
charge carriers thus damaging the photocatalytic activity. The mecha-
nisms involved in this phenomenon are complex and depend on the
synergy of several factors, which require further investigations. Any-
way, the difference found here in the MB photodegradation perfor-
mance, is not so substantial, leading to the conclusion that the plasma
nitriding pretreatment of carbon steel substrates, beyond the character-
istics beneﬁts, does not inhibit the photocatalysis of the deposited TiO2
ﬁlms.4. Conclusions
Photocatalyst TiO2 ﬁlms were deposited by plasma sputtering tech-
nique on nitrided and non-nitrided carbon steel surfaces. The effects of
plasmanitriding pretreatment on the photocatalytic activity of theﬁlms
were investigated.Fig. 7. Photodegradation of methylene blue (MB) dye in aqueous solution (C0 = 2 mg/L)
in function of time. Pseudo-ﬁrst-order kinetics for MB degradation is assumed.
Table 2
Pseudo-ﬁrst-order rate constants for MB decomposition for photolysis and photocatalysis
reactions.
Sample Photolysis TiO2 20 N-TiO2 80 N-TiO2
k (10−3 min−1) 2.43 9.00 7.09 6.88
159D.R. Irala et al. / Surface & Coatings Technology 240 (2014) 154–159The plasma nitriding pre-treatment increases the surface roughness
of the substrate and promotes surface activation that produces a better
crystallinity TiO2 ﬁlm: in addition to the anatase phase, it is observed in-
tense rutile phase when TiO2 ﬁlms are deposited on nitrided substrates.
It was observed that all samples coated with TiO2 become super-
hydrophilic upon being irradiatedwith UV light, regardless if it was pre-
viously been nitrided or not, remaining in this state for at least 24 h. The
contact angles regressed to their initial values only after the samples re-
main at darkness for 6 days. The roughness of the substrate surface af-
fects wettability only for non-photoactivated TiO2 thin ﬁlm. The
performance in MB photocatalysis was very similar for both, TiO2 ﬁlm
deposited on nitrided and non-nitrided substrate.Acknowledgment
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